Abstract: Reduced graphene oxide (RGO) was fabricated using gelatin as a reductant, and it could be stably dispersed in gelatin solution without aggregation. A series of RGO/gelatin composite films with various RGO contents were prepared by a solution-casting method. The structure and thermal properties of the RGO/gelatin composite films were characterized by UV-vis spectroscopy, Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), atomic force microscopy (AFM), scanning electron microscopy (SEM), differential scanning calorimeter (DSC) and thermal gravimetric analysis (TGA). The addition of RGO enhances the degree of crosslinking of gelatin films and decreases the swelling ability of the gelatin films in water, indicating that RGO/gelatin composite films have a better wet stability than gelatin films. The glass transition temperature (T g ) of gelatin films is also increased with the incorporation of RGO. The presence of RGO slightly increases the degradation temperature of gelatin films due to the very low content of RGO in the composite films. Since gelatin is a natural and nontoxic biomacromolecule, the RGO/gelatin composite films are expected to have potential applications in the biomedical field.
Introduction
Gelatin is a traditional water-soluble biopolymer with distinctive advantages of biocompatibility, nontoxicity, biodegradability and low cost, and is widely used in food, medicine, and photographic fields, such as medicinal capsules, 1,2 packaging films, 3,4 nutritional membranes 5 and hemostatic materials. 6 However, high hygroscopicity and low strength in the wet state significantly hinder gelatin in biomedical and engineering applications. Thus, modification of gelatin has always been an issue of great interest. For example, the reinforcement using crosslinking effect has been often applied to improve the properties of gelatin. However, the presence of residual crosslinking agents may hamper the application of gelatin due to its toxic side effects. Graphene, a two-dimensional carbon material, has attracted a great deal of attention recently due to its unique mechanical, electrical and quantum properties. 8, 9 Graphene is expected to be a novel reinforcing material for polymer materials. However, the most commonly used method of preparation of graphene-polymer nanocomposites generally began with graphene oxide. 10, 11 Graphene oxide (GO), a derivative of graphene, has abundant oxygen-containing groups including hydroxyls, epoxides, diols, ketones and carboxyls on the surface. 10 These functional groups can act as interfacial linkers and facilitate stress transfer from the polymer matrix to GO. Moreover, GO is easily produced and can be dispersed in numerous solvents, [12] [13] [14] especially in water. Thus GO is usually used in the composites instead of graphene. Significant improvement in mechanical properties has been reported in GO-reinforced polymers because of its high strength and modulus, large aspect ratio and strong interfacial interactions with polymers. posite films with exfoliated GO nanosheets, and found that all the tensile strength, modulus and energy at break of gelatin were increased notably with the addition of 1 wt% of GO. The reinforcement of gelatin-GO composite films was resulted from the homogeneous dispersion of GO nanosheets with a high aspect ratio and strong interfacial interactions with gelatin which also resulted in an increase in T g . However, the properties, such as electrical properties, are not as good as that of graphene, so reduction is often needed to convert insulating GO back to conducting reduced graphene oxide (RGO). Wang 20 reported RGO/gelatin composite films with reinforced mechanical strength in both the dry and wet states, and the addition of RGO had no negative effect on compatibility of the gelatin. However, there have been only a few reports about graphene enhanced natural biomaterials and the relationships between structure and properties remain unclear. In this paper, RGO was fabricated using gelatin as a reductant and a series of RGO/gelatin composite films with varying RGO contents were prepared by a solution-casting method (Scheme 1). The structure and properties of the RGO/gelatin composite films were characterized by UV, Fourier transform infrared (FTIR), X-ray diffraction (XRD), atomic force microscopy (AFM), scanning electron microscopy (SEM), differential scanning calorimeter (DSC) and thermal gravimetric analysis (TGA). The effect of RGO contents on the properties of RGO/gelatin composite films was discussed in detail. Since gelatin is a natural and nontoxic polymer with good biodegradability, the RGO/gelatin composite films are expected to have potential applications in biomedical field.
Experimental
Materials. Gelatin type B (gelatin powder from bovine skin, average molecular weight 80000) was purchased from SigmaAldrich. Graphite powder, and chemicals including concentrated sulfuric acid, KMnO 4 , NaNO 3 , K 2 S 2 O 8 (99%), concentrated HCl, P 2 O 5 (99%), and H 2 O 2 were all analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd. All aqueous solutions were prepared using ultrapure water (18 MΩ) from a Milli-Q system (Millipore). All reagents were used as received without further purification.
Preparation of RGO Aqueous Suspension. GO was prepared by a modified Hummers method. 21, 22 Briefly, concentrated H 2 SO 4 was added into a 500 mL flask filled with graphite, followed by the addition of NaNO 3 , and then solid KMnO 4 was gradually added under stirring while the temperature of the mixture was kept below 20 o C. Then the temperature was adjusted to 30 o C, excess distilled water was then added to the mixture and the temperature was increased to 80 o C. Then 30% H 2 O 2 was added until the color of the mixture turned to brilliant yellow. The mixture was firstly filtered and washed several times with 8% aqueous HCl to remove metal ions and then washed with distilled water to remove the acid. Finally, the filter cake was dried in air then re-dispersed Scheme 1. Illustration of the green synthesis of RGO and the composite mechanism of RGO/gelatin.
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into water. The suspended GO sheets were obtained after ultrasonic treatment. In the process of reaction for chemical reduction of GO to RGO, 3 g of gelatin was first added into 100 mL ultrapure water, followed by stirring for 1 h at 50 o C for the complete dissolution of gelatin. Then the GO aqueous dispersion (200 mL with concentration of 0.1 mg/mL) was dropped into the gelatin solution at 90 o C, and the mixture was allowed to react for 24 h under stirring. The as-obtained suspension was centrifuged under 20000 rpm and washed thoroughly with hot water. Finally, the resulting powder was redispersed in ultrapure water to obtain the RGO suspension.
Preparation of RGO/Gelatin Composite Films. A given amount of gelatin and deionized water was added into a beaker at room temperature for half an hour, and then stirred with a magnetic stirrer at 45 o C for 1 h to obtain a gelatin solution with a concentration of 6 wt%. The gelatin solution was divided equally into five parts and the desired amount of RGO aqueous suspension was added to each part to obtain five RGO/gelatin mixtures with RGO contents of 0, 0.1, 0.3, 0.5, and 0.7 wt%, respectively. The mixture was sonicated for 10 min, and then each of the solutions was coated on a polytetrafluoroethylene (PTFE) mold and dried for 48 h in a vacuum oven, yielding the dry RGO/gelatin composite films. For the XRD experiment, the samples were prepared as follows: the gelatin/RGO solution was centrifuged under 20000 rpm and washed thoroughly with hot water. Then, the obtained RGO was dried in the vacuum at 50 o C. Finally, the solid powder was successfully prepared for the XRD experiment.
Characterizations. The UV-vis spectrophotometer (UV-2550, Shimadzu) was used to investigate the optical absorption of the GO and RGO suspensions in the wavelength range of 190-800 nm. FTIR spectra were recorded in the mid-infrared region of 4000-400 cm -1 using a Perkin-Elmer Spectrome 100 spectrometer (Perkin-Elmer Company, USA) at room temperature and 50% relative humidity. XRD analysis was conducted with a BDX3300 X-ray diffractometer equipped with a multichannel detector by use of a CuK α1 (λ=0.15406 nm) monochromatic X-ray beam. All the samples were measured within 2θ range of 5-60 o with a scan rate of 1 o /min. AFM images of GO and RGO films were taken in a tapping mode by using a NanoScope III A (Digital Instrument, USA). Image processing and data analysis were performed using nanoscope analysis image processing software version 1.40 provided with the instrument. The samples for the AFM imaging were prepared by drop-casting a diluted suspension onto a cleaned Si substrate. SEM was conducted on a Quanta-200 ESEM (FEI Swelling Studies. The dried and accurately weighed samples were immersed in 100 mL distilled water at a preset temperature until the swelling equilibrium was achieved after around 72 h. The equilibrium swelling ratio (ESR) of the films was calculated using eq. (1). (1) where W e and W d are the weights of the equilibrated swollen film and the dried film, respectively.
Results and Discussion
Characterization of RGO. Gelatin has not only been used as a functionalized reagent to prevent aggregation, but also acted as a mild reductant for GO. 23 The reduction of GO is presumably resulted from a direct redox reaction between GO and the -NH 2 groups from gelatin. However, the mechanism for the chemical reduction of GO is not completely clear at present. It needs further study. In Figure 1 , a strong absorption at 230 nm is observed for GO, which corresponds to the π→π* transitions of the aromatic C=C bond. After reduction, the peak at 230 nm was shifted to 265 nm, indicating the restoration of electronic conjugation in RGO occurred. 24 Thus, it is concluded that the oxygen groups of GO were reduced by gelatin. Moreover, as shown in the inset of Figure 1 , the color changed from bright yellow to black in solution before and after reaction, which also validated the reduction of GO. The reduction of the oxygen-containing groups in GO by gelatin was also confirmed by the results of FTIR spectroscopy. Figure 2 shows the intensities of the FTIR peaks corresponding to the oxygen functionalities after 24 h reduction of the GO with gelatin, 25 such as the C=O stretching vibration peak at 1750 cm , respectively. The C-O (epoxy) stretching vibration peak at 1225 cm -1 and the C-O (alkoxy) stretching peak at 1065 cm -1 decreased significantly, and some of them vanished entirely. These observations demonstrated that most of the oxygen-containing groups in the GO were removed, clearly showing the reduction of GO. XRD is a powerful tool for studying the interlayer changes and the crystalline properties of the synthesized material. A disappearance of characteristic diffraction peak of graphite at 26.4 o can be seen in Figure 3 , which imply that the complete oxidation of graphite (curve b) occurred. Meanwhile, a new peak is observed at 10.9 o when graphite is oxidized to GO, which is due to the intercalation of oxo-groups to the interlayer of carbon sheets. After the reduction, no obvious peak was detected in the RGO, indicating the complete reduction of GO (curve c). Atomic force microscopy (AFM) was used to characterize the morphology and thickness of the GO and RGO films. Figure 4 shows the representative AFM images and cross-section analyses along with the line in AFM images of GO and RGO films. The GO nanosheets have a mean thickness of about 0.8 nm, which was larger than the theoretical value of graphene 
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sheet for the unstripped GO with the presence of covalently bound oxo-groups. After the reduction, the thickness of the obtained RGO nanosheets increased to about 5.0 nm. Although most oxo-groups were removed after the reduction, the thicker RGO nanosheets could be attributed to the attachment of gelatin. Furthermore, as could be observed, the presence of gelatin could prevent the RGO agglomeration, because most of the negative RGO nanosheets were kept independent from each other in the dispersion due to the electrostatic interaction. Therefore, the gelatin could not only act as a reducing reagent, but also plays an important role as a capping reagent for the stabilization of the RGO. Characterization of RGO/Gelatin Composite Films. Figure 5 shows the SEM images of the cross section of RGO/gelatin composite films with RGO concentration of 0.7 wt%. From Figure 5 (a), we can see the RGO/gelatin nanocomposite exhibits a layered morphology without aggregated particles on the surface. In addition, the presence of highly wrinkled edges and flexible sheet-like structures of RGO ( Figure 5(b) ), which was well dispersed in the gelatin matrix, can lead to increases in both strength and toughness. 26, 27 Similar phenomena have been observed recently in montmorillonite polymer nanocomposites.
28
To investigate the interfacial interactions between gelatin and RGO, DSC was applied to measure the glass transition temperature of gelatin and RGO/gelatin composite films (Figure 6 ). It was found that the glass transition temperature increased from 196.78 to 211.39 o C when the RGO concentration increased from 0 to 0.7 wt%, respectively. The improvement of T g shows the presence of RGO significantly hinders the mobility of the adsorbed gelatin chains due to the preferable interfacial interactions between the RGO and the polar groups of gelatin and hence indicates strong interfacial interactions in the polymer composites. The DSC results strongly support the previous discussion that suggests good dispersion of RGO in gelatin matrix occurs and therefore a large interfacial surface for interactions between the two components exists. It should be pointed out that all the samples used in the DSC analysis possessed a similar water content of 8 wt%.
The different physical states of water in biomacromolecules have provoked keen interest of many researchers over the past decades. In general, water in a biomacromolecule can be categorized into three types, namely, "free water", which freezes at the usual freezing point; "intermediate water", which freezes at temperature lower than the usual freezing point; and "unfrozen bound water", which cannot freeze at the usual freezing point.
29,30 Figure 7 shows the DSC thermograms of gelatin and RGO/gelatin composite hydrogels with various RGO concentrations. The data of the melt enthalpy of "free water" are listed in the inset of Figure 7 . The contents of "free water" in the RGO/gelatin composite hydrogels gradually decrease with an increase in RGO concentrations. It should be noted that all the samples used in the DSC analysis possessed a similar water content of 94 wt%, which excludes the potential influence of water content differences, thus, the other two types of water is gradually increased. It may imply that strong interactions between the RGO sheets and the gelatin molecules exist. Swelling Behavior of RGO/Gelatin Composite Films. For the gelatin films, the swelling characteristics are responsible for their various applications. So many studies have been done on the equilibrium swelling behavior of the polymer films. Figure 8 shows the swelling behavior of gelatin and RGO/gelatin composite films with various RGO concentrations. The pure gelatin film has the highest equilibrium swelling ratio, and water absorption capacity of the composite films decreases with an increase in RGO concentrations indicating that RGO/gelatin composite films have a better wet stability than that of gelatin films. This result may be attributed to the physical crosslinking action of the RGO on the gelatin macromolecules which makes the films more stable in an aqueous medium. It is concluded that the addition of RGO increased the degree of crosslinking of gelatin films and it can be verified by the DSC results.
Thermal Stability of RGO/Gelatin Nanocomposite Films. TGA is a standard technique to evaluate the thermal stability of materials. Figure 9 shows the TGA curves of gelatin and the RGO/gelatin composite films in a nitrogen atmosphere. There is a mass loss of about 8% before 100 o C which is assigned to the evaporation of the water in the films. When the temperature is over 250 o C, there is a rapid weight loss, which comes from the thermal degradation of the gelatin. No further large mass losses are observed when the temperature is above 400 o C, and the total weight loss is less than 80%. It seems that the addition of RGO slightly improves the thermal stability of gelatin. In addition, the similar TGA curve shapes for gelatin and RGO/gelatin composite films may suggest the mass loss mainly comes from the gelatin. 
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Conclusions RGO was successfully fabricated using gelatin as a reductant. RGO/gelatin composite films with varying RGO contents have been prepared and characterized by SEM, DSC and TGA. The RGO was well dispersed in polymer matrix. The addition of RGO increased the degree of crosslinking of gelatin films and decreased the swelling ability of the gelatin films in water, indicating that RGO/gelatin composite films have a better wet stability than that of gelatin films. The incorporation of RGO also increased the glass transition temperature of gelatin films. The improvement of T g shows the presence of RGO significantly hinders the mobility of the adsorbed gelatin chains due to the preferable interfacial interactions between the RGO and the polar groups of gelatin. The addition of RGO slightly increases the thermal stability of gelatin films due to the very low content of RGO in the composite films. Since gelatin is a natural and nontoxic polymer with good biocompatibility, the RGO/gelatin composite films are expected to have potential applications in biomedical/biomedicine fields.
